Background: TDP-43 and hnRNPA1/A2 factors are implicated in neurodegeneration. Results: The human and fruit fly TDP-43 and hnRNPA1/A2 orthologs show physical, genetic, and functional interplays.
TDP-43
2 (43-kDa TAR DNA-binding protein, TARDBP) is a nuclear factor involved in regulation of mRNA splicing, mRNA stability, and other cellular processes (1) . Initially associated with the pathogenesis of monosymptomatic forms of cystic fibrosis transmembrane conductance regulator (CFTR) (2-4), TDP-43 has been found in the ubiquitin-positive cytosolic aggregates of neurons from patients with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD-U) (5, 6) . More recently, pathological TDP-43 inclusions have also been described in several additional neurodegenerative diseases such as Alzheimer, Huntington, and Parkinson diseases (7) and also MSP (formerly known as inclusion body myopathy with early-onset Paget disease and frontotemporal dementia (IBMPFD)/ALS) (8) . Presently, however, the molecular mechanisms that link TDP-43 to neurodegeneration are not clear. Interestingly, the observation that in all patients carrying TDP-43 aggregates this region is cleaved and becomes aberrantly phosphorylated has focused particular attention on studying the C terminus of this protein in the pathogenesis of neurodegenerative disorders (9) .
At the functional level recent studies have demonstrated that the C-terminal domain is important for TDP-43 splicing activity and is responsible for the interaction of this protein with many other cellular factors and bodies such as stress granules (10 -12) . In particular, the inhibitory role in pre-mRNA splicing played by TDP-43 relies on its ability to tether different members of the hnRNP A/B family in proximity of the inhibited exon through interactions mediated by the 342-366 Gln/Asnrich region localized in the C-tail (13, 14) . In keeping with this conclusion, mutants of human and Drosophila TDP-43 without this region are unable to interfere with exon inhibition (15) . Most importantly, this Gln/Asn-rich sequence is also involved in modulating TDP-43 self-interaction and binding to polyglutamine aggregates, thus playing an important role in reducing TDP-43 natural tendency to aggregate (16, 17) .
One open question that still carries considerable importance toward the development of animal models of TDP-43 pathology is to clarify how much the biological interactions and function have been conserved across different species, the reason being that a high degree of similarity will facilitate the use of these models for the development of effectors capable of modulating TDP-43 functional properties in humans. Multiple protein alignment across different species of sequence from TAR DNA-binding protein (TARDBP) have highlighted that this factor has been conserved throughout evolution (15, 18) . This very high level of conservation can also be extended to all its basic functional properties. For example, it is clear that even TDP-43s from evolutionarily distant organisms share a binding specificity for similar (UG)-rich RNA sequences (15) .
In particular, the functional overlap between human and Drosophila TDP-43 with regard to the splicing process was already well known after the observation that Drosophila TBPH could functionally complement the absence of human TDP-43 in HeLa cells (14) .
The biological similarity between these two proteins was even more generally confirmed in a Drosophila melanogaster model of TDP-43 proteinopathy, where expression of the endogenous TBPH gene was abolished (19) . The resulting flies showed locomotor dysfunctions and reduced life span that could be rescued by expression of the human TDP-43 factor (19). Presently, several different studies carried out in Drosophila strongly support the functional homology of the human and Drosophila TDP-43 orthologs, as recently reviewed by us (20) . Altogether, therefore, most of the data collected so far promote the use of Drosophila models to investigate the molecular mechanisms underlying human neurodegenerative disorders derived from TDP-43 alterations.
In this work we have now further extended this connection by exploring the interaction of TDP-43 and TBPH with fruit fly hnRNP proteins. Using co-immunoprecipitation experiments we have found that the Drosophila ortholog of human hnRNP A1/A2 proteins (Hrb98DE/Hrp38) maintains the ability to bind both to TDP-43 and TBPH. Interestingly, we found that the regions involved in this interaction have been highly conserved in all these proteins, and there is a functional, genetic interaction between Hrp38 and TBPH.
EXPERIMENTAL PROCEDURES
GST Overlay (Far Western), HPLC Analysis, and Mass Spectrometry-Western blots containing 150 g of HeLa nuclear (NE), HeLa cytoplasmic (S100), and Drosophila nuclear extract (L2NE) were incubated for 2 h with either GST-TDP-43 or GST-TBPH (10 g of protein in 20 ml of PBS, 10% (w/v) of nonfat dried milk) for 1 h. The membrane was then washed 4 times with PBS plus 0.2% Tween 20 (polyoxyethylene sorbitan monolaurate) and was then incubated for another hour with a commercial anti-GST antibody (Sigma) at a dilution of 1:2000. The blots were then washed again 4 times using PBS plus 0.2% Tween 20 and incubated for another hour with anti-goat HRP antibody (Dako A/S) at a dilution of 1:2000. After four final washes, the Western blots were developed using ECL (Amersham Biosciences). Fractionation of nuclear extracts was performed on a HPLC Agilent 1100 Series using a Phenomenex C4 300A (250 ϫ 4.6 mm) reverse-phase column. The proteins were eluted using a solution 95% acetonitrile ϩ 0.1% TFA in a 20 -70% linear gradient over 38 min. The different fractions from 35 to 43% mobile phase were first speed-dried for 2 h to reduce volume and then concentrated using YM-10 filters (Microcon). Each fraction was then divided in two and loaded on 10% SDS-PAGE gels, one to be stained with Coomassie and the other blotted on a Optitran Nitrocellulose BA-S 83 membrane (Schleicher & Schuell) and subjected to GST overlay as described above. Internal sequence analysis from the Coomassie Blue-stained bands excised from the SDS-PAGE gel was performed using an electrospray ionization mass spectrometer (LCQ DECA XP, Thermo Finnigan). The bands were digested by trypsin, and the resulting peptides were extracted with water and 60% acetonitrile, 1% trifluoroacetic acid. The fragments were then analyzed by mass spectrometry, and the proteins were identified by analysis of the peptide MS/MS data with Turbo SEQUEST (ThermoFinnigam) and MASCOT (Matrix Science).
Plasmid Construction-The generation of pFLAG TDP-43 and pFLAG TBPH constructs has been described previously (14, 15, 21) . The apoAII (pTB-apoAIIm) splicing reporter minigenes have been described by Mercado et al. (22) , respectively. The Hrp38 ORF was kindly provided by Prof. Joan Steitz. The Hrp38 ORF was amplified by PCR with the oligos HRP38_s (5Ј-tcaGAATTCaagcttATGGTGAACTCGAACCAGAACC-AGAA-3Ј) and HRP38_as (5Ј-tcaGGTACCgcggccgcctcgagTC-AATATCTGCGGTTGTTGCCACCGT-3Ј) and subsequently cloned in pFLAG-CMV2 vector for eukaryotic expression. The EGFP-TDP-43 (321-366) vector used in the co-immunoprecipitation experiments has already been described by Budini et al. (16) .
The EGFP-Hrp38-(293-365) vector was generated by PCR amplification of the Hrp38 region spanning the residues 293-365 with the following oligos Hrp38 C-term XhoI_s (5Ј-AGA-TCTCGAGCGGCGGCAACAATTGGAACAATGGTG-3Ј) and Hrp38 C-term BamHI_as (5Ј-TCCGGTGGATCCTCAA-TATCTGCGGTTGTTGCCACCGTT-3Ј). All constructs were sequenced to confirm their identity and to exclude the presence of other mutations.
Transfections and RT-PCRs-The plasmid DNA used for transfections was purified with JetStar columns (Genomed). Liposome-mediated transfections of 2.5 ϫ 10 5 human HeLa cells were performed using Effectene (Qiagen). The amount of constructs used for each transfection ranged between 0.5 and 1 g. siRNA transfections were performed in HeLa cells by using the small interfering RNA (siRNA) oligonucleotide specific for TDP-43 (GCAAAGCCAAGAUGAGCCU) and the Oligofectamine reagent (Invitrogen) as previously described (14) . At the end of transfections, the cells were harvested, and the RNA was extracted with Trifast reagent (EuroGold). The cDNA was prepared with M-MLV reverse transcriptase (Invitrogen) and poly-dT primer according to the manufacturer's instructions. PCRs were carried out for 35 amplification cycles (95°C for 30 s, 55°C for 30 s, and 72°C for 30 s), and PCR products were analyzed on 1.5% agarose gels.
Co-immunoprecipitations-For co-immunoprecipitation assays, HeLa cells (60% of confluence) were transfected with 2 g of
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each plasmid set and the Effectene reagent. The cells were collected in PBS supplemented with protease inhibitors (Roche Applied Science) and lysed by sonication. The lysates were incubated with 0.6 g of anti-GFP antibody (Santa Cruz Biotechnology) for 3 h at 4°C, and then 30 l of A/G Plus-agarose beads (Santa Cruz Biotechnology) were added. After overnight incubation at 4°C, the beads were precipitated and washed 3 times with PBS. After SDS-PAGE, the immunoprecipitates were probed with an anti-FLAG antibody (F1804, Sigma) in Western blot analysis.
Fly Stocks-RNA interference (RNAi) flies against TBPH (ID38377) and Hrp38/Hrb98DE/CG9983 (#31303) were obtained from VDRC Vienna and Bloomington Stock Center, respectively.
Quantitative Real Time PCRs-Total RNA was extracted from the heads of wild type W 1118 , ElavG4, tbph ⌬23 /ϩ; Hrp38
RNAi and ElavG4, tbphϩ/ϩ; Hrp38 RNAi by using TRIzol reagent (Invitrogen) according to the manufacturer' s protocol. cDNA was synthesized with 1 g of RNA sample by using Superscript TM -III (Invitrogen) reverse transcriptase and oligo(dT) primers. Specific primers were designed to amplify the Hrb98DE/Hrp38 gene (forward, GTCTAGAATATGCG-CAAGCTGTTCATC; reverse, AGAATTCCGTTTCTTGCC-AGTCTCCTT), and the gene expression levels were checked by real-time PCR using SYBR Green technology. Housekeeping gene Rpl-11 (forward, CCATCGGTATCTATGGTCTGGA; reverse, CATCGTATTTCTGCTGGAACCA) and Rpl-32 (forward, AAGCGGCGACGCACTCTGTT and reverse, GCC-CAGCATACAGGCCCAAG) were amplified and used to normalize the results. All amplifications were performed on CFX96 TM , real-time PCR detection system (Bio-Rad). The relative expression levels were calculated according to the following equation: ⌬C T ϭ C T(target) Ϫ C T(normalized) . Four PCR reactions for each genotype (2 duplicates) were performed.
Climbing Assay-Newly eclosed flies were transferred in batches of 20 -25 (1:1 male:female) to fresh vials and aged for 4 days. They were then transferred without anesthesia to an empty transparent Duran 50-ml glass cylinder. The cylinder was divided into three parts (bottom, middle, and top). The climbing ability was quantified as the percentage of flies that reached the top of the tube in 15 s. Three trials were performed, and the average value was calculated. A minimum of 160 flies for each genotype were tested.
Life Span-Adult flies were collected for 2 days and transferred to fresh tubes at a density of 20 -25 per vial (1:1 male: female). Every third day, flies were transferred to new tubes containing fresh medium, and deaths were scored. Survival rate graph was plotted with percentage of survival flies against day. All the experiments were performed in a humidified, temperature-controlled incubator at 25°C and 60% humidity on a 12-h light and 12-h dark cycle. Flies were fed with standard cornmeal (2.9%), sugar (4.2%), and yeast (6.3%) fly food.
Immunohistochemistry-Drosophila adult brains were dissected in 1ϫ PB (100 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.2) 0.3%Triton X-100 and fixed in 4% paraformaldehyde for 20 min. Brains were washed in PB 0.3% Triton (20 min for 3 times) and then were blocked in 5% normal goat serum 30 min. Primary antibodies (anti-Elav DSHB 1:250 and anti anti-Futsch 22C10s DSHB 1:50) were incubated overnight at 4°C. Secondary antibodies were incubated at room temperature for 2 h (Alexa Fluor 488 mouse, 1:500; Alexa Fluor 555 rat 1:500). Images were captured on a Zeiss 510 Meta confocal microscope. Labeling Futsch intensities normalized to anti-Elav staining/area were calculated with ImageJ.
RESULTS

Human and Drosophila TDP-43 Orthologs Share the Same Pattern of Human and Fruit Fly Nuclear
Interactors-To compare the interactors of both human and Drosophila TDP-43, a GST overlay (Far Western) analysis was performed as previously described (13) . In this experiment equal amounts of human HeLa nuclear (NE) and cytoplasmic (s100) extracts along with S2 Drosophila nuclear extract (L2NE) were blotted onto a Western blot membrane (Fig. 1A, left panel) and incubated with recombinant GST-TDP-43 (Fig. 1A, central panel) or GST-TBPH (Fig. 1A, right panel) . Comparison of the signals in the NE and L2NE lanes confirmed that GST-TDP-43 and GST-TBPH shared a similar recognition pattern of interactors mostly localized in the 32.5-47.5-kDa molecular mass range. As control, both GST-TDP-43 and GST-TBPH yielded negligible signals in the cytoplasmic extract (S100 lane).
Previous characterization of human TDP-43 interacting factors using this kind of assay found that the strongest bands were hnRNP A1, hnRNP A2, hnRNP C1, hnRNP B1, and hnRNP A3 (13) . Interestingly, GST-TBPH was also observed to bind specifically to these proteins in the HeLa nuclear extract (Fig. 1A,  middle panel) . This was also in keeping with previous reports from our laboratory that GST-TBPH could supershift human GST-hnRNP A2 in a band-shift experiment (14) .
Most interestingly, a similar situation to the human extract recognition pattern could also be observed for the nuclear Drosophila proteins in the L2NE extract. In particular, three major bands that we named 1, 2, and 3 were specifically recognized both by GST-TDP-43 and GST-TBPH (Fig. 1A, middle and  central panel) . However, no further information was available with regard to the identity of these three bands.
Identification of the Drosophila Factors Interacting with TDP-43 and TBPH-To identify these factors, the L2NE nuclear extract was fractionated by HPLC with a C4 reversephase column (see Fig. 1B , upper panel, for the elution profile). After collection, equal amounts of each fraction were loaded onto two separate SDS-polyacrylamide gels. The first was stained with Coomassie Blue (data not shown), whereas the other was blotted and incubated with GST-TDP-43 in a Far Western assay (Fig. 1B, lower panel) . By alignment of the Coomassie Blue-stained gel with the overlay signals we observed one faint and one strong band that migrated at the same height as the overlays shown in Fig. 1A , right panel. These bands were excised from the Coomassie Blue-stained gel and identified by mass spectroscopic analysis as Hrp38/Hrb98DE/CG9983 (P07909) (band 2) and as hnRNP Squid/Hrp40/CG16901 (Q08473) (band 1). Unfortunately, using this technique we could not discover the identity of band 3, probably because the reverse-phase fractionation of the Drosophila nuclear extract caused its denaturation. However, based on the nature and relative mobility of the two identified factors, it is highly probable TDP-43 Interaction with Drosophila hnRNP Proteins MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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that band 3 may represent HRB87F/hrp36/CG12749, another well known hnRNP A/B homologue in Drosophila.
Interestingly, both identified proteins belong to the Drosophila hnRNP A family and are orthologs of the human hnRNP A1 and hnRNP A2/B1 factors (23) (24) (25) that were previously shown to be the most efficient at interacting specifically with human TDP-43 (14) . From these data we concluded that the Drosophila hnRNP A/B family is the most efficient interactor of Drosophila TBPH in the same way that their human orthologs, hnRNP A1 and hnRNP A2/B1 factors, are of human TDP-43 (14) .
The observation that Drosophila TBPH and human hnRNP proteins can cross-interact is also consistent with the substantial conservation in TBPH of the 321-366 region located within the C-tail of TDP-43 (Fig. 1C) . In fact, we have already established in previous studies that the 321-366 region of TDP-43 is important for TDP-43 hnRNP A/B protein-protein interactions (14, 16) .
Mapping the Sequences Required for the Interaction of TDP-43 with Drosophila Hrp38-After the identification of Hrp38/Hrb98DE/CG9983 and Squid/Hrp40/CG16901 as two putative interactors of both human and Drosophila TDP-43, we focused the attention on Hrp38 because its signal in the GST overlay using human GST-TDP-43 was much stronger than that of Hrp40 both before (Fig. 1A, right panel) and after fractionation (Fig. 1B, lower panel) . This is in keeping with the observation that there is an extremely high sequence similarity also between Drosophila Hrp38 and human hnRNP A1 and A2 at the level of both the RRM and C-terminal sequences that are known to be mostly involved in determining RNA-protein and protein-protein interactions, respectively.
First of all, therefore, using co-immunoprecipitation, we sought to validate the interaction between TDP-43 and Hrp38 in vivo. To achieve this aim, we cloned the Hrp38 cDNA in the pFLAG eukaryotic expression vector (FLAG-Hrp38) and set up a co-immunoprecipitation assay by co-transfecting in HEK293 cells a GFP-TDP-43 wild type fusion protein (EGFP-TDP-43) in combination with the plasmid expressing FLAG-Hrp38. The results shown in Fig. 2A demonstrate that FLAG-Hrp38 can efficiently co-immunoprecipitate EGFP-TDP-43 but not EGFP alone. As a control, Western blot analysis showed that both EGFP and EGFP-TDP-43 were strongly expressed at the protein level ( Fig. 2A, lower panel, ␣-EGFP) .
To perform a more precise mapping of the interacting region, recent experiments aiming at mapping the TDP-43 domain responsible of binding to the various hnRNPs demonstrated that the region spanning residue 321 to 366 is responsible for the interaction with hnRNP A2 (14, 16) .
In this respect, the alignment of the human and fly TDP-43 C-terminal domains highlights that this area of human TDP-43 shows a very high degree of similarity within the Gly-rich domain of TBPH spanning residues 428 -481 (Fig. 1C) . Therefore, we repeated the co-immunoprecipitation experiments of FLAG-Hrp38 (Fig. 2B, upper panel, FLAG-Hrp38 ) in combination with a fusion protein consisting of EGFP carrying only the human region 321-366 (Fig. 2B, upper panel, EGFP-TDP- (321-366)). As shown in Fig. 2B , FLAG-Hrp38 co-immunoprecipitated also with TDP-321-366 but not with EGFP alone.
Mapping the Hrp38 Sequence Required for the Interaction with Human TDP-43-With regard to identifying the Hrp38 region involved in this interaction, previous studies on hnRNP A1-mediated protein interactions have shown that they mostly rely on a short region within the Gly-rich domain of the human hnRNP A1 (26) . In keeping with this original observation, we have also recently shown by immunoprecipitation analysis that the region of hnRNP A2 involved in the interaction between this protein and TDP-43 must be comprised within its C terminus region that spans residues 288 -341 (16) and that the C terminus of TBPH is required to supershift hnRNP A2 in a band-shift assay (14) .
Based on these considerations, the alignment of the C-terminal regions of human hnRNPA1 and hnRNP A2 with Hrp38 showed that within the hnRNP A1, hnRNP A2, and Hrp38 sequences there is a highly conserved motif that could be responsible for this cross-interaction (Fig. 2C) .
Therefore, we prepared a fusion vector of EGFP with the region of Hrp38 spanning residues 293-365 (EGFP-Hrp38 (293-365)) and carried out co-transfection and co-immunoprecipitation experiments in combination with a flagged version of human TDP-43 (FLAG-TDP-43) or of fly TBPH. As shown in Fig. 2, D and E, the Hrp38 region spanning these amino acids was able to specifically co-immunoprecipitate both FLAG-TDP-43 and FLAG-TBPH, thus establishing this region as the one responsible for the interaction of Hrp38 with both human and fly TDP-43 orthologs.
Hrp38 Supports the Inhibitory Role of TDP-43 for ApoAII Exon 3 Splicing-After confirming the in vivo interaction
between TDP-43 and Hrp38 and mapping the interacting sequences, it was then interesting to test whether this interaction was also functionally significant. To achieve this, we used the Hrp38 cDNA eukaryotic expression vector to test whether Hrp38 could affect the splicing of TDP-43-related reporter minigenes similarly to what had been observed for the human hnRNP A2 ortholog (14) . Initially, the effects of Hrp38 overexpression in HEK293 cells were monitored by using the apoAII splicing reporter assay (Fig. 3A) where the involvement of TDP-43 was previously well characterized (22, 27) . In this system the independent overexpression of Hrp38 was able to FIGURE 2. Hrp38 co-precipitates with TDP-43. A, co-immunoprecipitation of Hrp38 with TDP-43. HEK293 cells were cotransfected with FLAG-Hrp38 and EGFP-TDP43 or EGFP-empty constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP ␣-EGFP) followed by immunoblotting with antibodies as indicated. A nonspecific band (*), probably derived from a cleavage in the TDP-43 portion, as it is not seen in EGFP alone, was also detected by anti-EGFP antibody. B, co-immunoprecipitation of Hrp38 with the region of TDP-43 spanning residues 321-366. HEK293 cells were cotransfected with FLAGHrp38 and EGFP-TDP43 (321-366) or EGFP-empty constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP ␣-EGFP) followed by immunoblotting with antibodies as indicated. C, amino acid alignment of the Gly-rich tract of Hrp38 (ROA1_DROME) with the regions from the human hnRNP A1 (ROA1_HUMAN) hnRNP A2 (ROA2_HUMAN) critical for protein-protein interactions according to the mapping previously performed (26) . Symbols below the alignment indicate: identity (asterisk), close similarity (colon), more distant similarity (period). The MUSCLE program was used for alignment (61) . D, coimmunoprecipitation of TDP-43 with the region of Hrp38 spanning residues 293-365. HEK293 cells were cotransfected with FLAG-TDP-43 and EGFP-Hrp38 (293-365) or EGFP-empty constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP ␣-EGFP) followed by immunoblotting with antibodies as indicated. E, co-immunoprecipitation of TBPH with the region of Hrp38 spanning residues 293-365. HEK293 cells were cotransfected with FLAG-TBPH and EGFP-Hrp38 (293-365) or EGFP-empty constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP ␣-EGFP) followed by immunoblotting with antibodies as indicated. MARCH 7, 2014 • VOLUME 289 • NUMBER 10 decrease the amount of exon inclusion (Fig. 3B, lanes 3 and 4) although to a lesser extent compared with TDP-43 overexpression (Fig. 3B, lane 2) .
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Most importantly, to assess whether the activity of Hrp38 on splicing was direct or indirect (i.e. dependent on the presence of TDP-43), we repeated the experiment after endogenous TDP-43 silencing by siRNA treatment. The hypothesis behind this experiment is that if the effects of Hrp38 on apoAII splicing were mediated by TDP-43, then the silencing of endogenous TDP-43 should abrogate the Hrp38 splicing inhibition observed in Fig. 3B .
Under normal conditions, the apoAIIm minigene reporter displays ϳ35 Ϯ 5% of exon inclusion (Fig. 3C, lane 1) . As expected, the RNAi with anti-TDP-43 resulted in a significant increase in the amount of the apoAII exon 3 inclusion (Fig. 3C,  lane 2) , whereas the overexpression of siRNA-resistant wild type TDP-43 promoted strong apoAII exon 3 skipping (Fig. 3C,  lane 3) . Unlike TDP-43, however, the overexpression of Hrp38 in the absence of endogenous TDP-43 did not modify the splicing pattern of both reporters (Fig. 3C, lane 4) . Similar results were obtained by using another well-characterized splicing reporter assay (cystic fibrosis transmembrane conductance regulator C155T; data not shown) (3, 28, 29) . In conclusion, these results demonstrate that Drosophila Hrp38 can interact with human TDP-43 also at the functional level. It was, therefore, important to see whether Hrp38 could modulate the disease phenotype in our Drosophila models.
Hrp38 and TBPH Genetically Interact to Prevent Locomotor Defects and Reduced Life Span in a Drosophila
Model of Amyotrophic Lateral Sclerosis-We have previously shown that the suppression of TBPH exclusively in neurons by RNAi closely mirrored the main symptoms observed in ALS, such as drastic alterations in locomotive behaviors and shortening of life span (19, 30) . We now sought to investigate whether the suppression of Hrp38 in Drosophila neurons could induce similar ALS-related phenotypes in vivo or enhance the neurological alterations provoked by the reduction of TBPH expression. It should first of all be noted that the in vivo depletion of the two single genes are lethal when homozygous (19, 31) . For these reasons, to test the presence of a genetic interaction between TBPH and Hrp38 genes, hypomorphic alleles and heterozygous backgrounds were used for both genes.
Therefore, efficient pan-neuronal RNAi-mediated knockdown of Hrp38 was obtained using the Elav-GAL4 driver. The reduction of Hrp38 expression in Drosophila brains (Fig. 4C ) produced significant locomotor alterations, revealed by defects in climbing assay associated to a severe shortening of the life span, compared with controls (Fig. 4, A and B) . These phenotypes closely resemble the defects observed in the TBPH-KO flies (19) and suggest that these proteins might be involved in the regulation of similar genetic traits.
Indeed, on one hand, we found that TBPH gene dose modifications in Hrp38-RNAi backgrounds strongly enhanced the above described phenotypes. This is outlined by the remarkable differences observed in climbing activity between Elav-GAL4, tbphϩ/ϩ; Hrp38
RNAi flies and in flies where TBPH expression levels were reduced by either removing one copy of the gene (Elav-GAL4, tbph ⌬23 /ϩ; Hrp38 RNAi ) or by expression of a double RNAi against these two proteins (Elav-GAL4, tbph ⌬23 /ϩ; TBPH RNAi /Hrp38 RNAi ) (Fig. 4A) . On the other hand, the observation that reduction in life span was directly proportional to the TBPH gene copy number in the Elav-GAL4/Hrp38
RNAi flies (Fig. 4B) suggested that these genes are functionally related to common metabolic pathways. To determine whether the differences in locomotive behaviors and life span described above were effectively due to increased degeneration of Drosophila neurons, we used the human homolog microtubule binding molecule MAP-1B, futsch in Drosophila, as the maker of neuronal damage, as demonstrated by our previous studies on TBPH-dependent synaptic microtubules organization (30) .
Therefore, we stained adult brains with a monoclonal antibody against futsch and analyzed the distribution of the axons in the lamina and medulla, a highly innervated cerebral area sited in the Drosophila optic lobes, immediately behind the retina. We observed that the neuropil of Elav-GAL4, tbph ⌬23 /ϩ; Hrp38
RNAi or Elav-GAL4, tbph ⌬23 /ϩ; TBPH RNAi individually treated flies in the lamina appeared less stained and thinner compared with wild type controls with the presence of irregular holes in these structures due to the loss of innervating axons. Nevertheless, these phenotypes became drastically increased after the expression of a double RNAi against these two proteins (Elav-GAL4, tbph ⌬23 /ϩ/Hrp38 RNAi ; TBPH RNAi ) (Fig.  5A) . Demonstrating that these proteins are required to maintain the innervation of complex cerebral areas and indicating that the neurological defects observed in TBPH and Hrp38 suppressed flies involved an enlarged neurodegenerative process.
DISCUSSION
TDP-43 is a nuclear factor highly conserved through evolution (18) . A high degree of homology exists among the TDP-43 orthologs from human, rodents, D. melanogaster, and Caenorhabditis elegans (15) . From a structural point of view, TDP-43 belongs to the hnRNP family of nuclear proteins (32) , and its functions are mostly involved in the regulation of all aspects of mRNA metabolism starting from transcriptional regulation, the control of pre-mRNA splicing, mRNA transport/stability, microRNA expression, and probably mRNA translation (1) . The central importance played by this factor to maintain cellular viability comes from knock-out transgenic mice lines in which it was observed that embryonic development was severely impaired when in a homozygous state (33) (34) (35) . From a human disease point of view, several studies have demonstrated that TDP-43 has a primary role in the origin and development of different neurodegenerative diseases, but the exact molecular mechanism(s) mediating such an involvement is still largely unknown (36). RNAi (p Ͻ 0.0001). Statistics were performed using GraphPad Prism. A log rank test was performed to compare survival distribution of the genotypes (***, indicates p Ͻ 0.001). C, RNAi treatment against Hrp38 reduced mRNA expression levels in Drosophila heads, as compared with control untreated flies. MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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To better understand its biological role in health and disease it is obviously of the utmost importance to characterize its molecular targets and cellular partners. In fact, as with almost all members of the hnRNP family, the biological functions mostly depend on the presence of complex interaction networks that form distinct functional modules (37) (38) (39) . For example, it has been long established that within the nuclear compartment hnRNP proteins are usually assembled into ribonucleoprotein particles, (40) , and binary interactions have been described between several of these members, such as polypyrimidine tract-binding protein (PTB) and hnRNP L (41), hnRNP K and hnRNP A1, and hnRNP A2/B1 and other nuclear proteins (42) . In addition, it has been demonstrated that hnRNP A1, C1, E2, I, K, and L can form both homodimeric and heterodimeric interactions with each other (43) . This behavior has also been observed for TDP-43. This protein, in fact, has been proposed to exist as a dimer or as part of ribonucleoprotein complexes within the nuclear environment (44 -47) .
Considering these similarities, therefore, it is expected that knowledge of TDP-43 protein binding network will help researchers to better understand the pathways underlying the pathogenesis of diseases, as has been previously shown to occur for several other factors involved in neurodegeneration (48 -51) .
In this direction, recent proteomic studies have shown that TDP-43 can associate with several factors involved in trafficking of biological membranes and transcription (52) (53) (54) as well as RNA metabolism both in the nucleus and in the cytoplasm (55, 56) . At present, however, the number of verified partners of TDP-43 is still limited. Nonetheless, it is now well known that among the better characterized interactors, there are several hnRNP A/B family members such as hnRNP A2/B1, A1, A3, and C2 (13, 14, 57, 58) .
In keeping with this situation, we show here that one Drosophila ortholog of the human hnRNP A/B family (Hrp38) can bind very efficiently to both TBPH and human TDP-43. Most importantly, our results show that the regions of the human and fly factors involved in this protein-protein interaction seem to be structurally conserved. In fact, TDP-43 residues 321-366 that were previously mapped as the minimal binding region required for interaction with hnRNP A2 (14) retain the ability to bind Hrp38. This conservations appears to be reciprocated by Hrp38 itself, as the cluster of amino acids implicated in this protein-protein interaction also show a very good level of evolutionary conservation between Hrp38 and hnRNPs A1/A2, with 36% identity and 33% similarity over 33 residues.
Most importantly, the high degree of conservation of these interactions can be carried over at the functional level, as Hrp38 can modulate the splicing of two model exons only in the presence of TDP-43. Even at a more general level, in vivo studies carried out in Drosophila also support this view. In particular, the locomotor deficit and reduction in life span as well as the level of neuropil degeneration caused by the simultaneous decrease in expression of both factors were higher than that expected by an additive effect of reduction in the level of the two single factors.
Taken together, these observations support the hypothesis that the functional cooperation between TBPH/Hrp38 and TDP-43/hnRNP A/B are fundamental also in vivo and are extremely well conserved throughout evolution despite the observation that the general structural conservation of the human and Drosophila TDP-43 C-terminal domains is low. This is a particularly important conclusion, considering the recent criticism that research focused on neurodegeneration based on classic laboratory animal models can lead to potentially misleading results if sufficient care is not taken to establish whether the chosen model is sufficiently similar to the human disease under study (59) . What these results mean, therefore, is that the Drosophila system should be considered quite adequate to study ways that modulate the interaction of TDP-43 and other hnRNP factors.
Most importantly, it has recently been found that mutations in hnRNPA2/B1 and hnRNPA1 can also lead to multisystem proteinopathy and ALS (60) . Interestingly, the position of these mutations D290V/D302V in hnRNP A2B1 and D262V/D314V are in the region that is involved with the binding to TDP-43. The expression of these mutant forms of human hnRNPA2 and hnRNPA1 as well as of mutant forms of the fly homologue Hrp38 in transgenic Drosophila led to severe muscle degeneration and enhanced formation of fibrils by the mutated proteins due to the fact that these missense substitutions are localized in a prion-like domain (60) . For these reasons, therefore, a better characterization of this interaction could be quite important to provide us with additional insights on disease mechanisms and the factors that can potentially affect its origin and severity.
